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ABSTRACT

Carbon dioxide exhibits a richness of high pressure polymorphs ranging from typical
molecular solids to fully extended covalent solids, which, in turn, makes it a very appealing
topic of fundamental research in condensed matter physics and simultaneously provides with
valuable insights into the routes of developing possibly novel materials with advanced
properties. This marked for the first time that the single crystal X-ray diffraction (XRD) and
Brillouin scattering spectroscopy of CO»-1 had been performed under high temperature and
pressure. Densities, acoustic velocities and elastic moduli of CO»-I were obtained along 300
K, 400 K and 580 K isotherms up to the phase transition boundaries. CO»-I transforms to
phase III and phase IV at room temperature (at 12.19 GPa) and 580 K (at 10.83 GPa),
respectively. It was observed that high temperature suppresses pressure-induced stress in
single crystal CO,-1. All elastic constants and thermal elasticity parameters of CO,-1 were
obtained and analyzed using finite-strain theory and thermal equation of state modeling. The

Ci1, Ci2 and Ky increase almost linearly with pressure, while shear moduli C4s and G exhibit a



downward trend with pressure, showing a noticeable reduction at higher temperature. Elastic
anisotropy A is practically independent of pressure along each isotherms and increases from

1.75to0 1.9.

INTRODUCTION

Carbon dioxide as a simple molecule, besides being abundant in nature and commonly
found in Earth and other outer solar planetary bodies, provides with unique fundamental
constraints on possible routes for development of novel materials with advanced properties
via investigation of its basic thermodynamic characteristics under extreme conditions. The
phase structure and boundary exploration on CO» has been conducted over decades from both
experimental and theoretical standpoints of chemical physics."!' CO, molecule is linear
symmetric with a large quadrupole moment at ambient conditions.'? It turns into a molecular

1315 which consists of both strong covalent

CO»,-I solid (dry ice with a cubic structure Pa-3),
intramolecular bond and relatively weak quadrupole interactions between molecules and is
stable below 12 GPa, when decreasing temperature or increasing pressure. Above that

1617 associated phase II

pressure CO,-1 transforms into phase IV (rhombohedral, R §c),
(P42/mnm) and strained phase III (orthorhombic, Cmca) depending on the transition
temperature.'® ' A further compression of CO; results in the appearance of extended solid
phases consisting of monolithic 3D covalently bonded network structures, such as four-fold

C0,-V* 2 pseudo-six-fold CO,-VI*?"%, coesite-like CO; (c-CO,) and amorphous a-carbonia

(a-C0Oy).>*!

There is a large number of polymorphs of CO; under high temperature and pressure. The
structural stability of various CO, phases and transitions among them were widely discussed
both in theory and experiments. CO»-I, or dry ice, is regarded as stable below 12 GPa. The
transformation to a molecular CO,-III solid has been confirmed by XRD studies'! at
temperatures below 400 K. Raman measurements have also indicated that the CO, I-III

transition occurs at 12 GPa and 400 K.** Shieh et al. has recently investigated the local



electronic structure of CO,-1 using X-ray Raman spectroscopy and observed the subtle
variations of the oxygen K-edge spectra, which show the CO,-III features at around 7 GPa,**
thus, shedding new light on the stability field of phase I. Zhang et al. has also performed a
single crystal elasticity study of CO, across the I-III transition and noticed a decrease in

anisotropy above 8 GPa, which is possibly resulting from a subtle structural change.*

CO,-I transforms into phase VII, phase IV or phase Il (even though latter ones can be

quenched to room temperature,* 2

phase II is considered to be more stable than phase III at
room temperature®!) above 400 K.'° However, the exact nature of phase transition is
complicated and not well known, due to large lattice strains, phase metastabilities and strong
kinetics. On the other hand, single-crystal elasticity is expected to be highly sensitive to any
structural changes and might, therefore, provide valuable insights into the physics of CO»
phase transitions. Brillouin scattering spectroscopy is a powerful method of choice to
investigate the single crystal elastic property changes, and it has been already successfully
used by Shimizu et al. and Zhang ef al. to report the room temperature elasticity of CO,-I up
to 6 GPa and 11.7 GPa, respectively.zs’27 Moreover, Giordano ef al. was the first to carry out
the high temperature Brillouin study of liquid and supercritical CO,, that resulted in
determination of the melting curve and the fluid equation of state (EOS),*® as well as an XRD
and spectroscopic investigation of CO»-I, extending the EOS up to 12 GPa and 800 K.* In
this study, we present an in situ single crystal Brillouin scattering and XRD measurements of
CO»-1 at simultaneously high temperature and pressure, up to 10.83 GPa and 580 K. The

acoustic velocities, densities and elastic constants alongside with the elastic anisotropies were

determined and discussed.

METHODS

The present experiments were conducted with a BX90 externally heated diamond anvil
cell (EHDAC) with a symmetrical 90-degree axial opening,*® which allows both Brillouin

scattering and single crystal XRD studies. Pre-indented rhenium plate with a thickness of



about 40 um was used as a gasket. A ruby chip was placed in the sample chamber for
pressure calculation. The high purity CO, samples were loaded in the sample chamber using
the GSECARS/COMPRES gas loading system at room temperature.’' Pressure was
determined from the ruby scale’* with an uncertainty of about 0.05 GPa at 580 K. The
EHDAC was heated by a miniature resistive heater, which was made of coiled 200 pm thick
Pt wires and mounted around the diamonds and the gasket. The temperature of the sample
chamber was monitored using a K-type thermocouple attached to one of the diamond anvils,

approximately 500 um away from the diamond culet.

The angular dispersive XRD measurements were performed on 13-BMD beamline,
GSECARS of the Advanced Photon Source (APS), Argonne National Laboratory (ANL), to
verify the single crystal state and calculate the density of the sample under HTHP. The
wavelength of monochromatic X-ray beam was 0.3344 A with a focused beam spot size of
5%15 pm. The 2D diffraction patterns were recorded on a PerkinElmer detector. Brillouin
scattering spectra of CO,-1 at HTHP were collected using a six-pass tandem Fabry-Perot
interferometer (JRS Scientific) integrated in 13-BMD beamline. The scattered light from a
solid-state diode-pumped laser (532 nm) excitation was collected in 50 degree symmetric
scattering geometry.** The DAC, which was fixed on a rotation-translation stage pre-aligned
with the X-ray beam, can be rotated around both the axis perpendicular to the incident X-ray
beam for diffraction data collection to map the reciprocal lattice and the optical axis of the
DAC for Brillouin spectra collection on one crystal plane. We used a rotation range of 30
degrees around the vertical axis for diffraction measurements and a rotation step of 10
degrees for Brillouin measurements in this study. An online ruby system was utilized to

conduct in situ both visual monitoring sample and collecting ruby fluorescence signal.



Fig.1. (Left) A single crystal of CO, in coexistence with liquid CO; at room temperature. (Right) XRD pattern of

the CO,-1 single crystal at 6.6 GPa and room temperature. The CO»-I diffraction spots are indicated by open red
squares with the corresponding hkl indices. The broad intense XRD spots are from the diamonds. Because of the

hydrostatic conditions in the sample chamber, the CO,-I reflections have round shape.

The pressure was gradually and repeatedly fluctuated around the melting (if the pressure
was decreasing) and crystallization (if the pressure was increasing) pressures, in order to grow
a CO; single crystal in the sample chamber at room temperature (Fig. 1). Room temperature
(300 K isotherm) sound velocity measurements were performed using a Brillouin scattering
spectroscopy setup at Jilin University’. Two HTHP experimental runs (400 K and 580 K
isotherms shown on Fig. 2) were conducted at GSECARS within two year period. Brillouin

spectra were collected at each pressure, after the XRD pattern was measured.
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Fig 2. Phase diagram of CO,. The P-T conditions investigated in this study are marked by red arrows, Brillouin

spectra were collected along the isotherms during compression cycle. This previously published* and subsequently



modified!” Figure is adapted for the purposes of the demonstration.

RESULTS AND DISCUSSIONS

I. CO; Single Crystal X-ray Diffraction

When a CO; single crystal grows in the liquid at 300 K, it is a nearly perfect crystal
without any residual stress. When the pressure in the sample chamber is increased, the
coexistence of the single crystal with liquid CO; will eventually disappear, resulting in an
almost instantaneous emergence (and subsequent growth) of the internal stress in the solid,
which will completely fill up the sample chamber by that time, and it will not take long, when
a small amount of phase III will (Fig. 3) appear at the edge of the gasket at 12.19 GPa. When
the pressure exceeds 12.19 GPa, phase III will be observed in the center of the sample

chamber, as well.

The increased stress in the single crystal of CO, along the 300 K isotherm is also visible
on the 2D diffraction images, where the initially round diffraction spots become elongated at
higher pressure. The internal stress is effectively released when the temperature is increased.
All diffraction patterns along the 580 K isotherm (Fig. 3a) demonstrate the perfect round
diffraction spots even at the phase I-IV boundary pressure. Although phase IV is not optically
observable in the stress-free sample at 580 K and 10.83 GPa, the XRD reveals the presence of
phase IV near the edge of the sample chamber, whereas phase I still remains in the center.
The CO»-I single crystal fractures into a few pieces and transforms into CO»-IV upon further

compression.
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Fig. 3. Diffraction images of CO; at (a) 10.83 GPa and 580 K and at (b) 12.19 GPa and 300 K. CO,-1V reflections
are marked by red squares in (a). Four diffraction spots near the center become less elongated in a phase I and III
mixture, when a weak (200) reflection from CO,-1II, which emerges at the edge of the sample chamber, appears in
(b). (c) Integrated XRD patterns of CO, (580 K: blue solid and dotted lines represent the XRD patterns taken at the
edge of and in the center of the sample chamber, respectively; 300 K: red solid and dotted lines represent the XRD
patterns taken at the edge of and in the center of the sample chamber, respectively) at HTHP. Reflections from

CO»-1V are marked with hkl indices. A weak reflection from CO,-III (200) crystal face is labeled.

It is obvious that in this study P-T conditions of the phase transitions agree well with the
existing CO» phase diagram (Fig. 2). Since the poor optical quality of phases III and IV was
not conducive to obtaining any Brillouin spectra with high signal-to-noise ratio from those
phases, the in situ HTHP XRD measurements were carried out to confirm and monitor the
presence of the CO»-I single crystal, from which the Brillouin spectra were then collected.
Noteworthily, the pressure-induced stress in phase I is released (Fig. 3), as soon as the

coexistence between phases I and III occurs.

II. CO; Single Crystal Brillouin Scattering and Thermoelastic Modelling
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Fig. 4. Brillouin spectra of CO,-I single crystal at 5.47 GPa and 10.83 GPa at 580 K. R indicates the elastic
Rayleigh peak, V1 and V1, indicate two transverse waves and Vi is the longitudinal wave. Vg and Vg, come

from a weak backscattering of the incident laser beam reflected by the diamond culet.

In this study, the Brillouin spectra were measured along isotherms upon compression. To
calculate the velocity (v) from Brillouin spectra in a symmetric scattering geometry, the
following equation, which does not require the information on the refractive index of the

sample, can be used:
v = Av¥*A/2sin (0/2) (1)

where Av is the frequency shift obtained by averaging the Stokes and anti-Stokes modes in
Brillouin spectra, 4 is the wavelength of incident laser beam, and @ is the scattering angle. In
order to determine the density (p) of the sample and confirm that it is still in phase I, the
XRD patterns of CO; were also collected at each given P-T for 400 K and 580 K isotherms.
Since there are available literature density data of CO,*, it was not necessary to perform
XRD for the elastic moduli to be calculated along the 300 K isotherm. All Brillouin spectra

are of good quality with high signal-to-noise ratios (Fig. 4).
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Fig. 5. Sound velocity variations vs rotation angle in one crystal plane at 300 K and 580 K. (a), Solid symbols are
the sound velocities measured at 2.81 GPa and 300 K, the empty symbols are the sound velocities measured at
12.19 GPa and 300 K. (b), Solid symbols are the sound velocities measured at 5.47 GPa and 580 K, the empty
symbols are the sound velocities measured at 10.83 GPa and 580 K. Solid and dotted lines are the sound velocities

calculated from the best fit elastic constants. The velocity uncertainties are within the symbols.

The crystal was rotated around the optical axis of the DAC, and the sound velocities
were measured every 10 degrees from 0 to 180 degree range (Fig. 5) at each P-T point. The
single crystal elastic moduli (Cij) can be obtained from the angular dependence of the

acoustic velocities and crystal orientation of CO»-I using the Christoffel equation:*®
|Cnming-pv*8u| = 0, 2

where v is the measured velocity, p is the density, and d; is the Kronecker delta function. The
single-crystal elastic constants, Cjx, are written in a full suffix notation in the equation,
although reduced Voigt notation, Cj;, has been utilized for the reported values. n; represents
the direction cosine of the phonon propagation direction, which can be described by three
Eulerian angles (8, x, ¢) and determined by carrying out the single-crystal XRD
measurements. A final root mean square (RMS) error in a least square best fitting for the three
independent Cj (solid and dotted lines in Fig. 5) is within 0.05 km/s even at the highest

pressure and 580 K.
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Fig. 6. Elastic moduli of CO,-I single crystal at high P-T. Symbols are color-coded for each isotherm. The

uncertainties are within the symbols. Solid circles: this study; open circles: Shimizu et al.?’ (pink), Zhang et al.?®

(black).

There are a total of three independent elastic constants, Ci1, Ci2 and Cas, for cubic CO»-1.
The longitudinal and off-diagonal moduli follow a nearly linear increase with pressure,
whereas the shear moduli, Cs4, exhibit a downward trend towards higher pressures along the
300 K, 400 K and 580 K isotherms (Fig. 6). The adiabatic bulk modulus, Ks = (C1+2*C12)/3,
and the Voigt-Reuss-Hill averaged shear modulus, G = (Gyv+Gr)/2, where Gv is the effective
Voigt shear modulus, and Gg is the Reuss shear modulus, can be obtained using the following

equations®”:



Gy = (2*C’+3*C)/5, Gr = 15/(6/C’+9/C), 3)
and
C=Cu, C =(C1-Ci)/2. “4)
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Fig. 7. Aggregate elastic moduli of CO,-I single crystal at HTHP. Symbols are color-coded for each isotherm. The
uncertainties are within the symbols. Solid circles: this study; open circles: Shimizu et al.?’ (pink), Zhang et al.”

(black).

Table 1. Elastic constants of CO»-I as functions of the sample density. Numbers in parentheses are

standard deviations.

T,K p, g/cm’ P,GPa  C;;,GPa Ci2,GPa Cu, GPa Ks,GPa Gs, GPa Cauc.hy
relation
300 1.777 1.74 20.27(7) 12.58(7) 6.591 15.15(0)  4.66(9) 1.714 2.51
1.887 281 2938(2) 18.84(3)  8.77(5) 2235(6) 6.32(1)  1.665  4.448
1.984 3.95  3635(9) 239109) 10.94(1) 28.06(5 7.63(6) 1.759  5.078
2.049 482 42.006) 27.94(8) 12.95(3) 32.63(4) 8.80(6) 1.843  5.355
2.122 590  47.51(3)  30.68(1) 15.61(3) 3629(2) 10.57(5) 1.855  3.267
2219 748 60.95(8) 40.01(7) 17.82(1) 46.99(7) 12.67(6) 1.702  7.236
2.240 7.84  63.61(1) 41.63(4) 18.88(5) 48.95(9) 13.35(8) 1.719  7.069
2.295 882  69.25(0) 46.02(9) 20.60(6) 53.76(9) 14.3009) 1.775  7.783
2.324 936 7227(2) 47.95(9) 2L17(1) 56.06(3) 14.86(1) 1.741  8.068
2368 1019 78.18(7) 5231(0) 22.71(1) 60.93(6) 15.87(0) 1755  9.219
2399 1079 83.47(9) 56.18(1) 22.31(7) 65.28(0) 16.24(9) 1.635  12.284
2.441 11.63 87.61(7) 59.47(4) 24.47(8) 68.85(5) 17.19(3) 1.740 11.736
2.469 1219 90.07(6)  62.25(2) 26.08(0) 71.52(3) 17.56(4) 1.875  11.792
400 1.907 345 3130(7) 20.49(d) 10.01(9) 24.098) 6.7900) 1853  3.575



1.998 466  41.132) 27.0709) 12.80(1) 31.76(3) 8.75(9) 1.822  4.966
2.085 597  49.82(8) 33.44(8) 15.03(6) 38.90(8) 10.24(4) 1.836  6.468
2.132 6.75 5479(0)  36.82(4) 16.65(8) 42.81(3) 11.28(5) 1.854  6.672
580  2.033 547  45.103) 31.56(5 13.32(5) 36.07(7) 8.73(6) 1.968  7.294
2.058 587  48.89(6) 34.02(9) 14.26(3) 38.98(5) 9.482) 1919  8.014
2.165 776 59.22(3) 41.56(1) 17.10(5) 47.44(8) 11.31(3) 1.937  8.938
2.178 8.01 61.38(5) 42.74(7) 17.89(0) 48.95(9) 11.89(0) 1.920  8.847
2212 8.66  65.63(3) 46.12(0) 18.72(8) 52.62(4) 12.44(8) 1.920  10.062
2.237 9.18 68.13(9)  47.84(0) 19.89(5) 54.60(5) 13.07(3) 1.960  9.613
2.256 9.56  7130(7) 50.05(1) 20.23(5) 57.13(6) 13.51(0) 1.904  10.706
2.286 10.18  75.56(4) 53.01(3) 21.15(2) 60.52(9) 14.23(8) 1.876  11.491
2.316 10.83  80.53(1) 56.80(4) 22.10(2) 64.71(3) 14.93(5) 1.863  13.038

Although Ky increases almost linearly with pressure, G exhibits a downward trend with

pressure (Fig. 7, Table I), due to the softening of the shear moduli Ca4 (Fig. 6). The adiabatic

elastic constants, Cjj, adiabatic bulk and shear modulus, K5 and Gy, at ambient conditions, as

well as their P-T derivatives can be obtained (Table II) by fitting the moduli at high pressure

using the fourth-order Eulerian finite-strain equation® (as listed below).

=)V V)2 -1],

a1 =3KT o (C’ij—3)—7Cij(T),

Cijo(T )= Ci (300 K) +(T'— 300)(0Ci,;/0 T )p,

Cij=(1+2/)? [Cijo(T ) +ar f+ar f*] +a3 P,

a = 9K*1o(T)C”i; + Kro(T ) (9K 10 —48)(C’i; —3)+ 63Ci0(T ),

©)
(6)
()
)
)

where f is the Eulerian strain, 7y and V are the unit-cell volumes at ambient condition and

high pressures, Cjo (300 K) is the derived zero-pressure constant from ambient measurements

and is thus fixed for the modeling, Cjo(7) is the elastic constant at high temperatures and 1

bar, C’; = (0C;/0P)r is the pressure derivative of the elastic constants, C”; = (6°C;j/0°P)r is the

second pressure derivative of the elastic constants.



Table II. Elastic moduli of CO2 single crystal at ambient pressure as a function of experimental

temperatures.

Kso Go Ci Ciz Cu
(GPa) (GPa) (GPa) (GPa) (GPa)
300K 3.16(5) 0.32(7) 4.58(1) 3.23(9) 1.04(7)
400K 3.13(5) -0.133) 2.73(2) 3.65(1) 0.68(4)
580K 3.08(1) -0.97(5) 1.50(6) 4.39(3) 0.03(1)

Even though the shear modulus obtained in this study is much smaller than that from

2628 " in which the discrepancy in Gomay be caused by the use of different

previous works
fitting functions, the adiabatic bulk moduli agree well at 300 K (Table II and Table III), with
the exception of K5 = 5.82 GPa.?® Interestingly, as temperature is elevated at a given pressure,

the bulk modulus variation is very small and comparable to that of C;; and C2, whereas the

temperature-induced reduction of shear modulus is more pronounced.

Table III. Comparison of the elastic moduli at ambient conditions.

Pressure Kso Go Cu Co Cu
(GPa) (GPa) (GPa) (GPa) (GPa)
This study 12.19  3.16(5) 0.32(7) 4.58(1) 3.23(9) 1.04(7)
Zhang et al. (2014) 11.73 34(6) 1.82) 53(8) 2505 230
Shimizu et al. (1993) 6 5.82 1.22 7.54 4.98 2.25
Giordano et al. (2010) 12 3 -- -- -- --

Kn(T), which is the isothermal bulk modulus at 1 bar and high temperature, and K’y =
(0K10/0P)r, which is the pressure derivative of the bulk modulus, are calculated from the

adiabatic bulk modulus Ksoand Ko as follows:

K70(300 K) = Kso/(1+ ay T), (10)
Kro(T)=Kro(300 K)+ (0 Kr/0 T )p (T —300), (11)
Kro=1+ayT) " [Kso—y T/Kro(T )0 Kr/0 T)p], (12)

(0K7 10T)p = (0K s/0T)p /(1+ ary T)—Ks(T)/(1+ayT)*[ory+(Oa/OT)y T, (13)



where a3 = 3 for Ci1, C», and C33, and a3 =1 for all other elastic moduli. K’so = 12.35(3) and
K50 = -31.51(5) have been obtained by fitting K at high pressures and 300 K with the Forth
Finite equation and a fixed Kso = 3.16(5) GPa as well as a literature value of 5.015 for

% in a self-consistent density model. Furthermore, the values of

Gruneisen parameter y
—0.298(8) MPa/K and 5.36 x10# K" have, thus, also been possible to determine with K’
and high P-T Kj results for the temperature derivative of the bulk modulus, (0Ks/0T)p, and
thermal expansion coefficient at ambient conditions, respectively.

The P-T derivatives of the shear modulus (Table IV) were evaluated using the following

equations:

Go(T) = Go(300K)+(BG/8T)p (T-300), (14)
G = (142 [Go(T)+b: f+ 1/2bs 7], (15)
b1 = 3Kn(T)G 0—5Go(T), (16)
by = K (DG o+ 1Ko TNK 1-4) G0 T+ 35Go(T)/9}. (17)

Table IV. Temperature and pressure derivatives of the elastic moduli for COz single crystal.

(0Ks/0T)p (0G/0T)p (0C11/0T)p (0C12/0T)p (0C44/0T)p
(MPa/K) (MPa/K) (MPa/K) (MPa/K) (MPa/K)

-0.298(8) -5.00(7) -6.80(1) 4.1109) -3.63(4)
(0Ks/0P)r  (0G/OP)r (0C11/0P)r (0C12/0P)r (0C44/0P)r
12.35(3) 4.87(6) 22.94(1) 15.20(3) 8.34(9)
(O*Ks/0PP)r  (0*G/OPY)r  (0*C1i/oP*)r  (0*C12/0P*)r  (0*Cus/OPP)r
(1/GPa) (1/GPa) (1/GPa) (1/GPa) (1/GPa)
-31.51(5) -14.21(1) -41.56(1) -24.43(2) -17.48(3)

In general, the shear moduli Cs4 and G pressure dependence adheres to a well-known

3941 of the elastic constants behavior under pressure approaching phase transition.

pattern
Nevertheless, even though CO,-I transforms to phase III at 300 K and phase IV at 580 K, its

sound velocities do not quite follow the trend characteristic for the onset of shear instability,



and, therefore, it is reasonable to assume that the internal stress plays more defining role in
what pressure-induced phase structure of CO; will be favorable to at certain temperature. This
assertion can also be circumstantially supported by the fact that every time there is an
occurrence of a coexistence between two phases of CO; in the sample chamber upon
compression, the XRD demonstrates the stress release in the precursor phase.

Elastic anisotropy (4) for cubic crystals is defined as 4 = (Vr2/Vr1)? = 2C44/(C11-C12), where
the Vr2 and V11 are sound velocities of two transverse waves propagating along <110>
direction, and, if two transverse velocities are equal, then 4=1 for isotropic elasticity. 4 for
orientationally ordered CO»-I (Fig. 8) is around 1.75, which is close to MgO’s 4=1.36 at
ambient pressure, and practically independent of pressure, which is a typical behavior of most
solids. However, as a molecular solid, CO»-I possesses a much smaller 4 value than the
molecular solids characterized by a molecular rotation in an orientationally disordered cubic
phase, such as H,S (4=3.5), NH; (4=4) and CH4 (4=5) and so on, because the rotation-
translation coupling of molecular motions may increase the elastic anisotropy.*” The
anisotropy slightly increases to 4=1.9, due to a possible temperature-induced gradual increase
of space for presumably larger variations of anisotropy, at higher temperatures, but still

remains practically independent of pressure changes (Fig. 8).
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Figure 8. Pressure dependence of elastic anisotropy for CO»-I along the 300 K, 400 K and 580 K isotherms. The

uncertainties are within the symbols.



The high-pressure Cauchy relation Ci2-Cas = 2P will be satisfied for cubic crystals under

1.¥* The deviations from the

hydrostatic conditions when interatomic forces are purely centra
Cauchy condition (Ci2-Cs4)-2P measured in this study (Table I) indicate the presence of
noncentral forces in CO,-1. These deviations increase with pressure along all isotherms,
suggesting that the noncentral nature of the bonding becomes greater at high pressures. It
means that an accurate description of HTHP CO, requires careful consideration of many body
interactions. Moreover, it is known that the temperature effect on Cauchy condition is small
for solid Ar (<1% for Ar above 6 GPa),* in the HTHP CO,, however, we noticed that the
Cauchy relation along the 580 K isotherm becomes about 20% higher than the one along the

300 K isotherm (Table I). This pronounced increase means that theoretical calculations have

to be modified to reflect this change, when describing the nature of HTHP CO..

CONCLUSIONS

This is for the first time that the systematic studies of the elastic properties in CO,-I have
been conducted under high pressures along the 300 K, 400 K and 580 K isotherms via
Brillouin scattering spectroscopy and XRD measurements. In order to determine the angular
dependencies of sound velocities the Brillouin scattering spectra were collected from exactly
the same spots, where the single crystal XRD patterns of the sample had been obtained to
confirm the presence of phase 1. Even though CO;-I transforms to phase III at 12.19 GPa and
300 K and phase IV at 10.83 GPa and 580 K, the elastic moduli, with the exception of the
shear ones, exhibit practically identical pressure dependencies along different isotherms, i.e.,
longitudinal modulus Cy;, off-diagonal modulus C;, and bulk modulus Ky increase almost
linearly with pressure, whereas Cu4 and G are marked by both a distinct downward deflection
from the linear pressure dependence and a visible temperature-induced reduction. Although
the limits of the current studies do not allow reaching a more qualitative conclusion with
respect to influence of the internal stress on the outcome of the phase transitions in the single
crystal of CO,, the evidence in support of such an influence have been presented and

discussed. It has been shown that, in contrast to other molecular solids, CO»-I has a relatively



low (around 1.75 at room temperature and 1.9 at 580 K) elastic anisotropy 4. In addition, the
violation of the Cauchy relation with pressure suggests that the noncentral nature of the
bonding in CO,-I becomes greater at high pressures. These experimental results on acoustic
velocities, adiabatic elastic moduli, their temperature and pressure derivatives, and elastic
anisotropies provide valuable data for high-pressure science and for deciphering CO,’s

properties at extreme conditions.
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